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What is the impact of potassium excretion on the intracellular fluid
volume: Importance of urine anions. Hyponatremia is a common electro-
lyte abnormality that causes symptoms as a result of swelling of brain cells.
We evaluated the impact of a negative balance for sodium (Na) and
potassium (K) salts on the intracellular fluid (ICF) volume, emphasizing
the role of anions excreted with K. Rats (N = 10) were deprived of food
and water for 24 hours. They received half-isotonic saline to expand their
extracellular fluid (ECF) volume by 20%; a long acting antidiuretic
hormone (DDAVP) preparation was given to prevent the excretion of
electrolyte-free water. The concentration of Na in plasma fell from 139
1 mM to 120 2 mvt 24 hours after the infusion of hypotonic saline (P <
0.01). Since these rats had a small negative balance for water (4 1 ml),
hyponatremia was due to their negative balances for Na (2.2 0.3 mmol)
and K (2.2 0.1). There were negative balances for Cl (2.4 0.2 mmol)
and phosphate (0.7 0.05 tnmol). Despite the negative balance for NaCl,
the ECF volume as assessed by 3Fl-inulin space was not contracted. In this
model for acute hyponatremia, its basis was electrolyte loss, but the ECF
volume was not contracted, suggesting that water shifted from the ICF to
the ECF. Hyponatremia is associated with cell swelling only if its cause is
positive water balance and/or is loss of Na from the ECF. it is critical to
examine the urine anions to determine the compartment of origin of
particles excreted with K and thereby whether hyponatremia will result in
overall expansion or contraction of the ICF volume.
Hyponatremia is a common electrolyte disturbance in hospital-
ized patients [1]. It is associated with a poor prognosis either
because of the disease process that led to the hyponatremia (such
as the syndrome of SIADH associated with an underlying malig-
nancy) and/or problems related to excessive cell swelling [re-
viewed in 2]. Two points are important concerning the threat of
cell swelling. If the hyponatremia is acute and the plasma sodium
(Na) concentration falls below 120 m, swelling of brain cells may
lead to a loss of cerebral function or even death. A striking
example of this is the development of hyponatremia in the acute
post-operative period in females [3, 4]. The proposed sequence of
events for this tragic clinical picture is brain swelling, increased
intracranial pressure, herniation and death. Inherent in this
interpretation is the implication that acute hyponatremia is asso-
ciated with a predictable inverse relationship between the plasma
[Na] and the intracellular fluid (ICF) volume [reviewed in 5]. In
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contrast, when hyponatremia develops over a much longer time
period, even if it is more severe in degree, there is rarely a serious
threat from cerebral cell swelling because brain cells have de-
fended their volume by a volume regulatory decrease (a loss of
ICF particles [reviewed in 6, 7]). If a threat were to develop in this
chronic setting, it is usually the result of over-correction or too
rapid correction of the hyponatremia by overzealous treatment
[reviewed in 2]. Nevertheless, patients with chronic hyponatremia
are still thought to have cell swelling in non-cerebral cells,
reflecting both a large positive balance for water and a smaller
negative balance for Na [8—10].
The focus of this study was on quantitative aspects of ICF and
extracellular fluid (ECF) volumes during acute hyponatremia. It is
generally felt that one can predict the degree of expansion of the
ICF volume by the degree of hyponatremia if there are no extra
particles added to the ECF (hyperglycemia, mannitol) [11—15].
This is based on two assumptions, one that is well recognized and
a second one that is not often tested or mentioned. First, water
moves rapidly to achieve tonicity or "effective osmolality" equi-
librium between the ICF and the ECF. Thus water will move into
cells and expand the ICF volume when the tonicity of the ECF
falls (hyponatremia) regardless of whether the hyponatremia is
due to a primary loss of Na from the ECF or a primary gain of
water (Fig. 1, left and middle). The second assumption is that
there was no particle loss from cells. If the number of these
intracellular particles were to fall, water will still move from a
compartment of lower tonicity (ICF) to one of higher tonicity
(ECF) until the "effective osmolality" in both compartments
becomes equal. In this latter scenario, the net effect will be to
produce hyponatremia, contraction of the ICF volume, and
expansion of the ECF volume, the opposite changes in compart-
ment volumes seen with the loss of NaCI from the ECF (Fig. 1.
right). This leaves two points for consideration. First, what are the
major particles in the ICF that are important for tonicity, and
second, how can one identify which of the particles excreted in the
urine were derived from the ICF or the ECF?
To evaluate the effect of acute hyponatremia on the global ICF
volume, a model was developed in rats in which there were large
negative balances for Na, potassium (K), and chloride (Cl). A key
feature of this model was that all losses occurred within 24 hours,
and that there was no intake so that accurate balance data could
be obtained. Two factors were previously shown to induce hypo-
natremia with large negative balances for Na and K in rats [16];
first, the administration of saline that led to the excretion of
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Fig. 1. Changes in ICF and ECF volumes during hyponatremia. The circle represents the cell membrane. The normal ICF volume is shown by the solid
circle and its change by the dashed circle. The particles restricted to the ICF (K salts) are indicated by the symbol P in cells.
electrolytes, and second, a long-acting antidiuretic hormone to
prevent the renal excretion of electrolyte-free water (this is a
process of desalination). Balance data permitted an analysis of
both particle loss and their compartment of origin; the ECF
volume was measured by inulin space. Results indicated that there
were large negative balances for Na, K and Cl; the losses of Na
and Cl were almost equimolar. Since the loss of K was large and
there was no intake, this K was derived from the ICF. Depending
on the anion excreted with this K, one could deduce whether one
or two particles were lost from the ICF per K excreted. Direct
measurement confirmed that there was no decline in ECF volume
despite the negative balance for Na and Cl.
Methods
Experimental protocol
Balance studies were performed in rats over a 24 hour period.
To avoid inaccuracies due to fluid and electrolyte retention in the
GI tract, rats were deprived of food and water for the 24-hour
study period. Eight adult male Wistar rats (weight 350 to 425 g)
were housed in individual metabolic cages so that complete
collections of urine could be obtained. They were fed regular rat
chow up to the morning of the experiment. On the day of the
experiment, a blood sample was obtained to measure pretreat-
ment values. Rats were then given 60 ml of 75 mM saline/kg body
wt by the intraperitoneal route to expand their ECF volume close
to that seen during surgery [17—19]. DDAVP (total dose 18 .tg/kg
body wt) was administered at 0, 8 and 18 hours in equally divided
doses to ensure that there was biologic ADH activity throughout
the 24 hour period of observation. Urine was collected for the
entire 24 hour period and a second blood sample was drawn at 24
hour time point.
Analytical techniques
The concentrations of Na and K in plasma were determined by
flame photometry, Cl was determined by electromimetic titration,
and blood gas analysis was performed using a pH/blood gas
analyzer (Radiometer, Copenhagen, Denmark). The concentra-
tion of bicarbonate (HCO3) was calculated from the blood pH
and P0, using a pK' of 6.10 and a solubility factor of 0.0301 for
CO2 [20, 21]. Osmolality was measured by freezing point depres-
sion (advanced micro-osmometer model 3M0; Advanced Instru-
ments mc, Needham Heights, MA, USA). Albumin and hemato-
crit in plasma were measured as previously described [22]. The
ECF volume was measured at the end of the 24 hour period in 10
control rats and the 10 rats treated with hypotonic saline plus
DDAVP described above. Rats were anaesthetized with mactin
(0.1 mg/kg body wt) and the kidneys exposed by retroperitoneal
incisions. A ligature was placed tightly around each renal vascular
pedicle so that there would be no excretion of isotope. 3H-labeled
(2.5 x 106 dpm) plus cold inulin (30 mg/rat) were then infused
and blood samples were obtained at 60, 80, and 100 minutes for
counting of radioactivity. The ECF volume was calculated by
dividing the total counts of 3H-inulin infused by the cpm con-
tained in 1 ml of aqueous plasma volume; corrections were made
for plasma aqueous volume, the Donnan distribution, and blood
sampling as previously described [23].
Calculations
Total body water was estimated to be 60% of body wt and the
initial ECF volume was assumed to be 20% of body wt [24, 25] to
judge the quantity of saline to infuse to achieve the desired degree
of ECF volume expansion. Electrolyte balances were calculated by
subtracting Na and Cl in the urine from the amount of saline
administered. Water balance was calculated from the volume
infused, the urine volume, and non-renal water loss over a 24 hour
period. The latter was calculated in separate experiments as
previously described [16]. Balances for K and phosphate were
assumed to equal their excretions as these ions were not admin-
istered.
Statistical analysis
Results are reported as mean SCM. Statistical analysis was
performed on the group mean values using the Student's t-test. A
P value of less than 0.01 was considered to be statistically
significant.
Results
The values for plasma electrolytes and metabolite levels were in
the usual range for rats in our laboratory (Table 1). Of note, the
concentration of Na was 139 1 mrvi, HCO3 was 28 1 mivi, and
the anion gap (including K) in plasma was 15 1 mEq/liter.
Hyponatremia developed as expected 24 hours after the infusion
of hypotonic saline + DDAVP, with a fall in plasma Na from
139 I to 120 2 m and Cl from 99 0 to 87 1 ms (Table
I
Na
Loss of
NaCI
Na
H2O
Addition
of water
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Table 1. Plasma values pre- and post-hypotonic saline infusion
Time 0 hr 24 hr
NamM 139±1 l20±2
K mM 4.1 0.1 4.6 0.1
CImM 99±0 87±1'
HCO-,mM 28±1 26±0
Anion gap mEq/liter 15 1 12 1
Phosphate miu 2.1 0.04 1.8 0.05
Albumin glliter 30 1 26 I
Hematocrit % 48 0 46 1
Rats were fed normal diet up to the day of the experiment. Blood was
drawn at 0 hr and 24 hr. Results are presented as the mean SEM.
aP < 0.01 by paired difference
Table 3. Balance data for electrolytes and water
Input Output Balance
-
Na jtmol 1695 32 3863 298 —2168 294
K iinol 0 2171 114 —2171 114
Cl p.nzol 1695 32 4120 209 —2425 213'
Phosphate pmol 0 703 45 —703 45'
Water ml 23 0
Urine 17 I
Non-renal 10 I
Total 27±1 —4±1
For details, see Table 1. Urine was collected for
Results are presented as the mean SEM.
'P < 0.01 for balance data
the 24 hr period.
Excretion Concentration
Na jsmol 3863 298 Na mM 231 10
K imol 2171 114 K mivi 131 3
Cl pmol 4120 209 Cl mM 249 6
Phosphate pmol 703 45 Phosphate mM 43 2
HCO3 jimol 2.5 I HCO3 mM 0.1 0.04
1). There was a small fall in the plasma HCO1 concentration from
28 ito 26 0 m'vi, with a small fall in anion gap from 15 I
to 12 I mEq/liter. There were small, but not statistically
significant falls in the hematocrit (48 to 46%) and the plasma
albumin level (30 1 to 26 I g!liter) over this time period
(Table 1), directional changes that would not be anticipated if
there was a large fall in ECF volume caused by negative balances
for Na and Cl.
The urine volume over the 24 hour period was 17 I ml (Table
3). During this time these rats excreted 3863 298 jimol of Na,
2171 114 mol of K, and 4120 209 ,amol of Cl (Table 2). The
urine was hypertonic to both the infusion and to the rat (Table 2)
because the sum of urine Na + K concentrations was 363 10
mM.
Balance data are presented in Table 3. There was a 4 ml
negative balance for water in these rats if the non-renal water loss
of 10 ml was included, as previously described in this setting [161.
There were large negative balances for Na, K and Cl, with
negative balances for Na and K being equal (2168 294 vs.
2171 114 j.rmol, respectively; Table 3). Although the major
anion excreted was Cl, the negative balance for Cl (2425 213
rmol) was only half of the total cation loss. The negative balance
for phosphate was 703 45 tmol, about 30% of the negative
balance for K. There was no bicarbonate in the urine (Table 2).
When the urines were analyzed for citrate, L-lactate, and ketoacid
anions, only a very small amount of these anions was found.
Hence there was an appreciable excretion of anions other than
those measured which could not be specifically identified.
To assess the change in ECF volume, a known amount of inulin
was infused in animals that could not excrete this marker (ligature
fastened on the renal pedicle). With this technique, the ECF
volume did not fall. There was little variation in the measured
I I
5000 7500
Negative NaCI balance, jimol/kg
Fig. 2. Relationship between the ECF volume and the negative balance for
Na. The ECF volume was measured in 10 control rats (237 5 mI/kg body
wt (solid square plus SEM bars) and the 10 rats infused with half-isotonic
saline + DDAVP 24 hours prior (solid circles). For comparison, the
expected change in ECF volume was calculated using the negative balance
for NaCI in each rat (shown by the dashed line). Note that in every case,
the measured ECF volume was much larger than this calculated value.
ECF volume with respect to the degree of negative balance for Na
(Fig. 2).
Discussion
When analyzing the basis for hyponatremia, great emphasis is
given to water, Na, and K balances. We stress that to determine
the changes in ECF versus ICF volumes during hyponatremia, it
is not sufficient to examine cation and water balances. Rather, the
anion excreted with K must he known to determine whether or
not hyponatremia is associated with an increase or decrease in
ICF volume.
In this study, the administration of hypotonie saline and
DDAVP resulted in the net loss of close to 4.4 mmoles of cations
(Na 2.2 mmol + K 2.2 mmol; Table 3) associated with a 19 m fall
in plasma Na concentration (Table 1). Since a 400 g rat is said to
Table 2. Urine electrolyte excretion over the 24 hour period
For details, see Table 1. Results are reported as mean SEM for the 10
rats infused with half-isotonic saline. The urine volume was 17 I ml/24
hr.
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contain 240 ml water (60% of body wt [24, 25]), then the cation
loss required to produce a 19 m fall in Na concentration is 4.6
mmoles (19 mrvi X 0.240 liters). Thus, the negative balance for Na
plus K was virtually the sole reason for their hyponatremia. In
fact, the water balance was close to zero if the non-renal water loss
was included in this calculation (Table 3) [16].
The next step was to evaluate changes in compartment volumes
(ECF and ICF). It is reasonable to presume that the Na that was
lost from the body originated primarily in the ECF. The deduc-
tions concerning ECF versus ICF particle loss are not as straight-
forward with K. In this model of hyponatremia where the losses of
Na and Cl were virtually equal (Table 3), there was no KCI loss.
Since the negative balance for K was very large (Table 3), virtually
all the K that was excreted originated in the ICF. The next step is
to establish what anion was excreted with K. Approximately 30%
of the negative balance for K was matched by a similar excretion
of phosphate in these rats (Table 2). This negative balance for
phosphate implies that phosphate was derived from cells as its
content in the ECF is only about 160 .rmoles (80 ml ECF,
phosphate 2 imol/mI) and there was no significant change in the
plasma phosphate concentration at 0 and 24 hours (Table 1). The
major sources of phosphate in the ICF are macromolecules such
as RNA, DNA, and phospholipids, all of which are esters of
monovalent phosphate. Accordingly, this loss of monovalent
phosphate (H2P04 at a urine pH < 6.5) along with its matching
cation, K, would result in a net loss of close to one particle from
the ICF [reviewed in 261. This would result in water movement
from ICF to ECF, shrinking the ICF volume while expanding the
ECF volume (Fig. 1 right).
Since we did not detect significant quantities of other anions
such as HCO3, SO4, citrate, lactate or ketoacid anions in the
urine, we postulated the following sequence of metabolic events
for the remainder of the negative balance for anions accompany-
ing K (Table 3). Rats have a very high metabolic rate per gram
body wt when compared to humans. When deprived of food for 24
hours, the catabolism of neutral substances with the production of
a H ion and the accompanying anion (A—) could be anticipated
in this example. As there was no rise in the plasma anion gap
(Table 1), this anion must have been excreted with K in the urine.
The plasma HCO3 concentration did not change appreciably,
indicating that the H ion produced entered the ICF in equimolar
amount when K exited. Thus far there was no change in the
number of particles in the ICF because K ions were lost and H
ions accumulated in this compartment. Nevertheless, H ions
entering cells must be buffered either by intracellular HCO3 or by
non-bicarbonate buffers such as the imidazole groups on intracel-
lular histidinc residues [271. If H were buffered by the intracel-
lular bicarbonate buffer system, and this is the major fate for these
H ions when the tissue P0, falls [281, the net result is a loss of
two particles (H'ion plus HCO3 ion) from cells (Fig. 3, bottom).
Alternatively, if buffering occurs with intracellular proteins, the
net loss is one particle from the ICF (K ions) and the proteins in
the ICF become more positively charged. In either case, the net
result is water movement from the ICF to the ECF, causing cell
shrinkage and ECF volume expansion (Fig. 2); its degree is
greater with TCF buffering by HCO3.
There is still a quantitative issue. Since the ECF volume is
smaller than the ICF volume [reviewed in reference 24] and the
particle loss from each compartment was virtually equal (Table 3),
then there should have been a contracted ECF volume, but this
Fig. 3. Change in the ICF volume when K ions are lost from the ICF. The
solid circle represents the normal ICF volume and the dashed line the ICF
volume after the negative K balance. The rectangles represent excretion
into the urine. Note the ICF volume should expand with KCI loss and
contract when K is excreted with an anion which led to a loss of ICF anions
(N° = neutral precursor, and A = organic anion).
was not observed (Fig. 2). Moreover, since some of the anions
derived from the ICF were macromolecular in origin (phosphate),
the number of particles lost from the ICF was somewhat smaller
than indicated from simply the negative K balance. Hence another
explanation must be invoked to account for the large shift of water
from the ICF to ECF in our rats. Among the possibilities, we favor
one of the two following types of process: first, the loss of ICF
particles (organic molecules [reviewed in 29]); second, a change in
the nature of ICF water from a structural to a solvent form [301,
as occurs when glycogen is broken down during a fasted state
[reviewed in reference 31].
H20
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To be complete, the loss of K with CI should be considered. In
this case, a cation should move from the ECF into cells to
maintain electroneutrality (Cl is predominantly an ECF anion
[321). There are only two cations which could shift into cells in a
sufficiently large quantity to match the negative balance for K, H
and Na ions. In the former case, HCO1 or possibly organic anions
would have to accumulate in the ECF in stoichiometric amounts
to K loss, because the ECF has too few free H and they would
have to be made from CO2 or a neutral substrate [311. Since there
was a small fall in both the concentration of HCO3 and the plasma
anion gap, it is extremely doubtful that a large number of protons
shifted into cells and were retained in the ICF in these rats (the
urine need not be considered for these unmeasured anions
because we are considering the excretion of K with Cl at this
point). Accordingly, the more likely scenario is a shift of Na ions
into cells when K exited to be excreted with Cl. This would result
in net loss of NaCI from the ECF without a net change in the
number of ICF particles. This huge loss of volume from the ECF
to the ICF would have resulted in close to a 40% decline in ECF
volume, which is probably not compatible with life. Moreover,
ECF volume estimates by isotope administration did not support
a large decline in ECF volume (Fig. 2). Since the ECF volume was
better defended, the type of analysis as outlined above is required
to account for the negative balance for K; this analysis must
emphasize the nature of the anion excreted with K because this
anion is critical in determining the change in ECF versus ICF
volumes in hyponatremia.
Returning to our model, half the degree of hyponatremia
observed was due to the excretion of NaCI while ADH was acting.
Our next consideration is the stimulus for the natriuresis. Two
mechanisms seem obvious. First, the infusion of saline expanded
the ECF volume. Nevertheless, the response to this stimulus
should not cause such a large negative balance for Na. The second
explanation concerns the quantity of NaC1 ingested daily. Rats in
our lab consumed close to 10 mmoles of NaC1/kg body wt; this diet
contains close to four- to sixfold more NaCI per kg body wt than
in humans [161. Therefore another principle cause for the natri-
uresis was the Na gain because of their high salt diet. In rats
simply deprived of food, the amount of negative Na balance was
481 161 jsmol/24 hr [16]. Perhaps the extra stimulus of the
initial ECF volume expansion (half-isotonic saline) led to an even
greater natriuresis (negative balance 2168 294 smol; Table 2).
Clinical implications
When considering the implications for hyponatremia upon
body fluid compartment volumes, the task is easy for the scenario
with simple positive water balance: both the ECF and ICF
volumes increase in proportion to their size. When hyponatremia
is due to loss of NaCI, again the task is easy to define compart-
ment volume changes: the ECF volume contracts and the ICF
volume expands. When K becomes a quantitatively important
cation that is lost, the picture becomes more complicated. It is
clear that most of the K must be derived from the ICF and that,
as shown by Edelman et al [33j, the loss of K, like the loss of Na,
means a similar fall in body "effective osmolality" if the anion
associated with K was monovalent (not true for the ICF). Never-
theless, the real story is even more complicated (Fig. 3). First,
when K is lost with Cl, the net loss is two particles per K, and both
particles are lost ultimately from the ECF. If K is lost with
phosphate, the net loss is one, not two, body particles and its
origin is the ICF. Finally, the loss of K along with a non-Cl,
non-phosphate anion could represent a one or two particle loss
from the ICF depending on whether the H that entered cells
were buffered by protein (1 particle loss) or HCO3 (2 particle
loss).
Three implications therefore derive from this study. First, the
nature of the anion excreted with K must be considered to
determine whether or not hyponatremia is associated with a
global ICF volume increase or decrease. Second, a question can
be raised about the desire to cause a negative balance for water to
treat a patient with hyponatremia associated with a loss of ICF
particles (loss of K salts other than KC1). This induced negative
balance for water could shrink the ICF volume further. It is of
interest to note that there is a higher incidence of osmotic
demyelination when this population is treated for their hypona-
tremia [341. Third, even if the global ICF volume is not expanded
with hyponatremia associated with a K deficit, there is no way to
tell whether brain cells have a contracted or expanded ICF
volume. Moreover, the data that are probably more relevant to
assess in this regard concern the ICF volume of the specific
population of brain cells involved with the integrity of myelin;
these data are not available at present.
Reprint requests to ML. Halperin, M.D., FRCP(C), Division of Nephrol-
ogy, St. Michael's Hospital, 38 Shuter Street, Toronto, Ontario M5B 1A6,
Canada.
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